The genetic basis as well as the mode of inheritance of polyandry in Spodoptera exigua HuÈ bner was studied in the laboratory by using a simple divergent selection experiment followed by F 1 reciprocal crosses, F 2 and backcrosses. There was an eective response to arti®cial selection for high (H line) and low (L line) female mating frequency with signi®cant separation of the lines by the second generation of selection. The mean female mating frequency in the parental generation (1.57 matings per female) reached plateaus of 2.50 and 1.25 matings per female in the H and L lines, respectively, after six generations of selection. Selection response becomes saturated at about 90% and 25% levels of polyandry (percentage females re-mating) in the H and L lines, respectively, and consequently monoand polyandric pure strains were not obtained. Polyandry levels in ospring from the H and L lines and their hybrids in F 1 , F 2 and backcrosses consistently indicate that female mating frequency was more or less proportional to the relative amounts of genes derived from the H and L lines. Such a clear pattern of hybrid responses, together with the gradual selective changes under arti®cial selection, suggests the involvement of a polygenic system. Female mating frequencies from progeny of the two reciprocal F 1 crosses were not signi®cantly dierent, which suggest that the trait was autosomally inherited. Moreover, female mating frequency of F 1 (pooled) progeny was not signi®cantly dierent from the mid-parental value, which suggest no dominance. The computation of the Cavalli's joint scaling test consistently con®rmed these results yielding values of d 0.51 0.10 and h 0.12 0.21. The broad sense heritability estimate was H 2 0.73. It is concluded that polyandry in S. exigua is a polygenic, autosomal heritable trait and that additive genetic variance is available for selection for female mating frequency. The implications of the genetic basis of polyandry are brie¯y discussed in the context of current theories about this crucial insect mating system. Keywords: heritability, inheritance, mating frequency, multiple mating, polyandry, polygenic control, Spodoptera exigua.
Introduction
Insect species are usually classi®ed as monandrous or polyandrous if most females exhibit single or multiple mating, respectively. Polyandry is a crucial female behaviour because this inevitably results in sperm competition and may be accompanied by cryptic female choice. Knowledge of factors regulating polyandry is important in the study of the evolution and adaptive signi®cance of insect mating systems. Issues include evolutionary ecology, sexual behaviour, con¯ict of interests between sexes, mating bene®ts and costs, parental investment and female (ospring number and ®tness) or male (paternity) reproductive output and success (see Choe & Crespi, 1997; Birkhead & Moller, 1998 ; for recent extensive reviews).
The occurrence of polyandry in insects has been shown to be determined by an array of environmental and morpho-physiological factors. From these, major, widely recognized factors regulating polyandry in Lepidoptera include male quality, size of the spermatophore received by females, female size, adult feeding, shortdistance interactions between sexes, sex ratio and/or population density (see for example Torres-Vila et al., 1997; McNeil et al., 1997 and 
references therein).
A genetic basis regulating polyandry was suggested in early studies of female mating frequency (Burns, 1968; Pliske, 1973) , and is assumed in both evolutionary theory (e.g. Halliday & Arnold, 1987; Arnold & Halliday, 1988; Sherman & Westneat, 1988; Cheng & Siegel, 1990 ) and mathematical models (Curtsinger, 1991; Zonneveld, 1992 Zonneveld, , 1996 Haig & Bergstrom, 1995; Yasui, 1997) . However, despite the importance of polyandry in the evolution of insect mating systems, virtually no data on the genetic basis and the mode of inheritance of this trait have been reported in non-social insects (but see Solymar & Cade, 1990 ; on Gryllus integer). In Lepidoptera, the genetic basis of polyandry has not yet been experimentally determined.
The aim of this paper was to assess the genetic background and investigate the mode of inheritance of polyandry in the beet army worm, Spodoptera exigua HuÈ bner, chosen as polyandrous lepidopteran model species.
Materials and methods

General procedures, stock cultures and rearing
A laboratory culture of S. exigua was established with 50 adults collected from light traps at La Orden, Guadajira, Badajoz, Extremadura, south-western Spain (6°40¢W, 38°51¢N, 198 m asl; UTM coordinates: 29SQD 024030) in September 1998. Moths were placed in 7-L cylindrical paper cages for mating and oviposition, and fed on a sugar solution (10% sucrose and 0.5% ascorbic acid) at 25 1°C, 60 10% r.h. under a LD 16:8 photoperiod (about 2000 lux photophase light intensity). Eggs laid were surface-sterilized to prevent the spread of viral diseases by exposure to a formaldehyde atmosphere for about 4 h. After hatching, larvae were mass reared in 150 cm 3 cylindrical clear plastic containers at a density of 30±50 larvae per container. When larvae reached the third instar, they were transferred to individual 9-cm Petri dishes to avoid cannibalism and held until pupation. Larvae were provided with excess semisynthetic diet (slightly modi®ed from Poitout & Bues, 1970) .
Selection test for polyandry
The ospring from ®eld-collected adults was used as parental stock. Single pairs (a 1-day-old virgin female and a 2±3 day-old virgin male) were caged in 0.5 L cellophane bags and provided ad libitum sugar solution. Males were replaced every 4±5 days (or daily if damaged or dead) by another 2±3 day-old virgin male until the female died. The egg complement of each female was kept in a single 150 cm 3 container and the ospring reared as indicated above. To assess polyandry, all females were dissected after death and the number of spermatophores in the bursa copulatrix recorded. Two divergent lines were selected from the parental generation for high (H line) or low (L line) female mating frequency, i.e. for polyandrous or monandrous phenotypes, for six generations. The number of females tested per generation per line was usually 20±50, but the number of fertilized females obtained was somewhat lower (10±30, unusually less than 10) because the mating success of S. exigua single pairs was often poor in the laboratory. Moreover, the number of females tested in the last generations of selection (4th to 6th) in the L line was also reduced, because mating success drastically declined, presumably because of high inbreeding and susceptibility to viral diseases.
The mating frequency of all females was determined in each generation and the ospring from females mated P2 times (H line) or once (L line) were selected to make up the next generation. We usually selected ospring from 8 to 12 females in each line or from all available females if fewer individuals were available. In the L line, once-mated females were randomly selected while in the H line 4-and 3-times mated females were selected ®rst. Because it was not known if genes in¯uencing polyandry (a sex-limited trait) were present in the male, in each generation females were mated with their male siblings. Unmated (having no spermatophores) and mated but unfertilized females were excluded from the data analysis.
Crossing experiments
The F 1 reciprocal crosses between L and H lines were made in the 4th generation of selection. This was followed by F 2 crosses and all possible backcrosses. Single pairs were caged in 0.5 L cellophane bags as usual. The mating frequency of the female ospring of these crosses was determined as described above.
Data analysis
Data were tested for normality and the appropriate nonparametric or parametric tests were performed. The Mann±Whitney U-test was employed for all pairwise comparisons of means between the two selected lines throughout generations of selection, because of occasional deviations from normality in female mating frequency and female longevity distributions, due particularly to both the semiquantitative nature of the analysed variables and occasional small sample sizes. The t-test was used to detect dierences in mean female mating frequency between F 1 ospring and the midparental value from both parental lines. For correlations, linear regression analysis was used (Scherrer, 1984; Sokal & Rohlf, 1995) .
Additive (d) and dominance (h) components in the inheritance of polyandry were estimated employing the Cavalli's joint scaling test (model of means). The parameters A, B, and C were previously calculated to test the adequacy of the additive±dominance model using Mather's formulae (Mather & Jinks, 1982) .
Results
Female mean mating frequency in the parental generation (1.57, range 1±4, n 42, Fig. 1a ) was quite similar to the value obtained from ®eld-derived mated females caught in light traps in the same area (1.48, range 1±5, n 547; L.M. Torres-Vila and J.N. McNeil, unpublished). Although it is widely known that ®eld collections may underestimate the lifetime polyandry within a natural population, our results indicate that female mating frequency in the laboratory was not in disagreement with the estimation of polyandry in ®eld conditions.
Arti®cial selection for high (H line) or low (L line) female mating frequency resulted in signi®cant separation of the lines by the second generation (Fig. 1a) , which clearly indicates that polyandry has a genetic basis. The H line had already attained a mean female mating frequency as high as 2.42 by the second generation of selection compared with 1.57 in the parental generation. It increased again to 2.64 in the third generation after which there was a plateau reached at 2.50. In the contrary, in the L line, mean mating frequency diminished from 1.57 to about 1.30, remaining stable at this low level (Fig. 1a) . A similar response was obtained when polyandry was estimated as the percentage of polyandrous females (percentage females re-mating) in each generation of selection (Fig. 1b) . Thus, changes in polyandry include both an increase in mean mating number among re-mated females and in the percentage of females that re-mated.
Despite the signi®cant response to selection for female mating frequency, we obtained neither 100% nor 0% polyandrous females in the H or L lines after six generations of selection, and consequently poly-or monandric pure strains were not obtained (Fig. 1b) .
It is interesting to note that female mean longevity (10±16 days), a biotic variable potentially genetically correlated with polyandry, was not signi®cantly aected by any of the selections (L and H lines) throughout the selection experiment (Mann±Whitney U-test, G1: U 199.0; G2: U 77.5; G3: U 24.5; G4: U 1.5; G5: U 6.5; G6: U 5.0; in all six pairwise comparisons P > 0.25 NS, d.f. 1). This excludes that selection for polyandry may have actually (inadvertently) operated with one, two or three asterisks are signi®cantly dierent from the corresponding means in the L line at the P < 0.05, P < 0.01 and P < 0.001 levels, respectively (Mann±Whitney U-test), G1: U 199.0, P 0.072 NS; G2: U 77.5, P 0.0; G3: U 24.5, P 0.002; G4: U 1.5, P 0.040; G5: U 6.5, P 0.060 NS; G6: U 5. on female longevity and not on polyandry itself. A similar situation occurred with female body size, another variable also potentially aecting polyandry. Although female size was not measured in our study, dierences in this variable between the two selections were not evident.
The response to divergent selection appeared to be asymmetrical at ®rst sight (Fig. 1a,b) with an apparently greater response to selection in the H line than in the L line. However, some degree of caution is needed since the number of matings per mated female in the L line has obviously an absolute minimum of one.
The results from F 1 and F 2 crosses and backcrosses indicate that polyandry in the hybrid ospring was more or less proportional to the relative amounts of genes derived from the H and L lines. Therefore, between the H´H and the L´L crosses there was a graded decrease in polyandry, estimated as both female mating frequency (Fig. 2a) and percentage of females re-mating (Fig. 2b) . Moreover, a signi®cant regression was obtained from these crosses between the mating frequency of daughters (y) on mothers (x) (y 0.481x + 0.913; n 14; r 0.80; F 20.86; P 0.001).
The broad sense heritability estimate for female mating frequency was H 2 0.73 by using the expression (SaÂ nchez-Monge & JouveÂ , 1984):
with V F F 2 , V F B 1 and V F B 2 being the phenotypic variances in F 2 (pooled), B 1 (pooled backcrosses between F 1 and H line) and B 2 (pooled backcrosses between F 1 and L line), respectively (see Fig. 2 ).
Female mating frequencies from progeny of the two reciprocal F 1 crosses (H´L and L´H; Fig. 2a) were not signi®cantly dierent (2.06 1.21 vs. 1.92 0.93 matings per female, respectively; Mann±Whitney U-test, U 218.5, P 0.95 NS). These results strongly suggest that polyandry is autosomally inherited, i.e. there is no evidence for a greater than proportional maternal sexlinked contribution. Thus, despite polyandry being a female-limited trait, genes coding for the trait are also carried by males. This fact may explain the lack of signi®cant response to selection in the ®rst generation of selection (Fig. 1a) , because females in the parental generation were mated to males chosen at random, i.e. no information was available about the genes carried by male parents (estimated in their female siblings).
Female mating frequency of both F 1 progenies was intermediate to those of the parental lines (Fig. 2a) . Moreover, female mating frequency of F 1 (pooled) progeny (1.98 1.05 matings per female, n 42) was not signi®cantly dierent from the mid-parental value (1.91 matings per female, 5th generation) (t-test, twotailed, t 0.502, d.f. 41, P 0.62, NS), indicating that (most) genes regulating polyandry in S. exigua are not dominant, but rather additive.
These results were consistent with the results from the Cavalli's joint scaling test (Table 1 ). Mather's parameters A, B and C were not signi®cantly dierent from zero in all seven cases, so the additive±dominance model was adequate for the analysis of the variation in polyandry. Lack of dierences between models I and II and between models III and IV permitted the computation of models V and VI, respectively. In the same manner, lack of dierences between models V and VI permitted the computation of the global model VII that yields the more accurate estimates of m, d and h (Table 1) , which clearly indicates both the existence of a strong additive component (d 0.51 0.10) and the lack of a signi®cant dominance eect (h 0.12 0.21).
In conclusion, the results strongly suggest the involvement of a polygenic system regulating polyandry in S. exigua.
Discussion
A number of explanations have been proposed for the adaptive advantages of polyandry, including additional sperm supply (to counteract infertile ®rst matings, avoid female±male genetic incompatibilities, achieve potential fecundity and/or ensure fertility), acquisition of maletransferred nutrients and increased genetic variability of ospring. Concurrently, several potential costs of re-mating may balance these bene®ts such as increased exposure to male-borne parasites and diseases, energy and time wastage or increased risks of male-derived physical injury and predation (Walker, 1980; Thornhill & Alcock, 1983; Drummond, 1984; Ridley, 1988; Hunter et al., 1993; Choe & Crespi, 1997; McNeil et al., 1997; Birkhead & Moller, 1998; Yasui, 1998) . Alternatively, Halliday & Arnold (1987) proposed that polyandry in some species may merely be a by-product of the selection on males to maximize polygyny, and thus oer no bene®ts for females. This hypothesis is controversial and its general applicability contested because its adaptive signi®cance is lacking (Arnold & Halliday, 1988; Sherman & Westneat, 1988; Cheng & Siegel, 1990) . However, it is as yet unclear if polyandry has a true adaptive signi®cance, in part because experimental testing of most hypotheses related to both bene®ts and costs is dicult.
Our results indicate that polyandry is a heritable trait; thus the trait would be subject to genetic change under the in¯uence of natural (or sexual) selection and consequently the level of polyandry in a given population should not be considered as species-speci®c, even under relatively stable environmental conditions. Moreover, environment±genotype interactions are likely to occur. The experimental demonstration of genetically mediated dierences in polyandry levels among populations of the same species arising from dierent ecological contexts may be of great interest in the elucidation of the adaptive signi®cance of polyandric behaviour.
We also hypothesize that genes regulating polyandry can be expected to occur in most Lepidoptera species (except for cases of strict monandry) irrespective of speci®c female mating frequency level in a given ecological context. Further studies in an array of species with dierent life histories are required to clarify if the proposed pattern is general and if autosomal polygenic control is widespread. This is an important point, as it has been suggested that the mode of inheritance of a behavioural trait may be related with its adaptive value. For example, heritability of traits closely associated with reproductive success is often low (Falconer, 1989) re¯ecting reduced additive genetic variance due to stabilizing selection and, as showed here, this is not the case for polyandry since Gatehouse (1991) suggested that the pre-reproductive period (another reproductive trait determining the number of nights over which individuals of migrant species can express their migratory potential) is an example of this. The trait, considered as highly adaptive in migratory species, has also a polygenic basis in Lepidoptera and its inheritance tends to be X-linked, at least partially, in all the noctuid species studied (Han & Gatehouse, 1991; Hill & Gatehouse, 1992; Wilson & Gatehouse, 1992; Colvin & Gatehouse, 1993) . More research is needed in order to determine whether this situation may also be applied to polyandry. Additional required knowledge includes if selection acts on one or both sexes, and if there is dosage compensation on initial allele frequencies and on the coecient of dominance (Charlesworth et al., 1987) .
These two pieces of genetic evidence (an absence of X-linkage and a high heritability) seem to suggest that polyandry in Lepidoptera could have a lower than expected impact on reproductive success and ®tness. We therefore encourage genetic empirical studies, to try to ®nd evidence for an adaptive signi®cance for this trait, as is postulated in most hypothetical theories about this topic. As above emphasized, the experimental demonstration of the genetic control of polyandry and its mode of inheritance in an array of species is indispensable in order to support evolutionary theories and clarify the adaptive signi®cance of this widespread trait in Lepidoptera, one of the most crucial elements of insect mating systems.
